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Limiting factors of resolution have previously only been investigated by using resolution data and retinal ganglion cell spacing
data from diﬀerent individuals. We report on our unique opportunity to study the intra-individual relationship in three human sub-
jects between retinal ganglion cell separations and resolution thresholds, measured with high-pass resolution perimetry. Our data
show that resolution is directly proportional to half the midget population, in accordance with the hypothesis that a dichotomous
midget ON/OFF population mediates resolution.
 2005 Elsevier Ltd. All rights reserved.
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Aubert and Fo¨rster (1857) ﬁrst studied the variation
of spatial resolution across the retina. Peak resolution
occurs in the fovea and matches the separation of foveal
cones, which have private connections to ganglion cells
(Calkins, Schein, Tsukamoto, & Sterling, 1994; Kolb
& Dekorver, 1991; Polyak, 1941). Outside the fovea sev-
eral cones converge onto individual ganglion cells
(Dacey, 1993; Goodchild, Ghosh, & Martin, 1996;
Watanabe & Rodieck, 1989), and it is likely that gan-
glion cell density limits neural resolution in peripheral
vision.
It is generally accepted that the foveal ganglion cell to
cone ratio in the macaque is approximately 3 (Wa¨ssle,
Gru¨nert, Ro¨hrenbeck, & Boycott, 1990), with human
studies showing similar results (Sjo¨strand, Conradi, &0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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1999). However, neuro-anatomical and physiological re-
ports indicate that the midget class of ganglion cells
(cells that project to the parvocellular layers of the lat-
eral geniculate nucleus) limit spatial resolution (Croner
& Kaplan, 1995; Dacey & Petersen, 1992; Dacey,
1993; Wa¨ssle & Boycott, 1991). The midget ganglion cell
population is further subdivided into ON and OFF cells
that mediate light increment and decrement, res-
pectively.
Information from one foveal cone is thus, in the case
of spatial resolution, thought to be transmitted to two
midget ganglion cells, one ON and one OFF cell. These
ON/OFF midget cells can subserve resolution either as a
uniﬁed population where the cells act as independent
encoders, or as a dichotomous population where the
cells act as complementary encoders. Support for the lat-
ter has been demonstrated through psychophysical
experiments in the macaque (Merigan & Katz, 1990).
Earlier reports of ganglion cell densities in human
eyes (Curcio & Allen, 1990; Curcio et al., 1993; Oppel,
1967; Sjo¨strand et al., 1999; Van Buren, 1963) have been
Table 1
Case descriptions
Case 1 Case 2 Case 3
Age 50 60 65
Study eye
Ocular media Clear Clear Nuclear
opacity
Fundus Normal Myopic Normal
disk
Eye movements Full Full Reduced
Proptosis None None None
Comment None Amblyopia Eyelid
swelling
Radiographic eye
length (mm)
26 26.5 25.5
High contrast
Snellen acuity
1.3 0.5 0.8
HRP score (dB) 3.6 4.4 6.5
Refraction (D) 0 6 0
Fellow eye
High contrast
Snellen acuity, fellow eye
1.3 0.8 0.8
HRP score (dB),fellow eye 3.8 3.7 5
Refraction (D), fellow eye 0 4 sph 1.5 cyl · 0 0
Fellow eyes had normal morphology and showed no signs of disease.
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humans (Anderson, Zlatkova, & Demirel, 2002; Ennis &
Johnson, 2002; Frise´n & Frise´n, 1976; Frise´n, 1995;
Popovic & Sjo¨strand, 2001; Sjo¨strand et al., 1999; Thi-
bos, Cheney, & Walsh, 1987). There is a close match be-
tween visual resolution in these studies and ganglion cell
spacing, even though they were obtained from diﬀerent
subjects. To date, however, there have only been reports
on inter-individual comparisons. This paper reports on
our unique opportunity to study the intra-individual
relationship of ganglion cell counts and measured reso-
lution thresholds in three human subjects.
We tested the hypothesis formulated by Frise´n and
Frise´n (1976), which proposes that visual resolution is
directly proportional to ganglion cell separation. The
hypothesis does not specify the regression coeﬃcient
(slope) of the relation, accommodating the fact that res-
olution varies with contrast. We propose that the regres-
sion coeﬃcient is determined by other factors, such as
the proportion (i.e. populations) of the counted gan-
glion cells that actually subserve resolution at various
contrasts. The implication of all ganglion cells subserv-
ing resolution at all contrasts would be a regression
coeﬃcient that would always equal unity, which is the
coeﬃcient of an ideal sampling system (Nyquist, 1928).
If a sub-set or sub-population of ganglion cells consti-
tuting X% of the total population subserve resolution,
the obtained regression coeﬃcient between resolution
thresholds and ganglion cell separations calculated from
total ganglion cell counts should be multiplied by a fac-
tor of sqrt(X/100).2. Subjects and methods
2.1. Subjects
Three subjects with unilateral invasive ethmoidal or
maxillary carcinoma received cytostatic drugs and
radiotherapy prior to tumor removal. Surgery included
enucleation of the eye. There was no inﬁltration of
tumor into the eyes. The eyes were subjected to detailed
clinical examinations on the day before surgery, and the
clinical data is summarized in Table 1. A high contrast
logMAR chart was used to determine visual acuity.
All fellow eyes had normal morphology and showed
no signs of disease. The research followed the tenets of
the Declaration of Helsinki.
2.2. Perimetry
Both eyes of all subjects were examined using the
high-pass resolution perimeter (HRP) of the Ophthimus
System, Version 3 (HighTech Vision, Go¨teborg, Swe-
den), as part of routine clinical examinations prior to
surgery. All examinations were performed with the sub-jects wearing near distance spherical equivalent correc-
tion. Examinations were performed ﬁrst on the study
eyes and then on fellow eyes.
In brief, HRP uses diﬀerent-size ring-shaped targets
of constant contrast (usually 25%), displayed on a
CRT monitor under computer control, to measure reso-
lution in the central 6–28 degrees of the visual ﬁeld.
Each target contains a bright core, delimited by darker
bands. The core and band proportions are balanced so
that their luminances, 25 and 15 cd/m2, produce a
space-average luminance equal to the background lumi-
nance of 20 cd/m2. Exposure time is 165 ms. The small-
est discernible size is determined in 50 test locations
between 6 and 28 degrees of visual ﬁeld radius using tar-
gets stepped by 0.1 log unit in angular size (Fig. 1).
Eccentricities smaller than 6 degrees cannot be tested
because of computer graphics limitations. No measure-
ments are thus performed within 6 degrees of the fovea.
The target core width is equivalent to a conventional
minimum angle of resolution (MAR) (Frise´n & Nikola-
jeﬀ, 1993). The base value of the decibel scale used by
HRP is arbitrarily set to 0 dB at a target core width of
5 (5 min of arc). The dB values of other sizes are then
calculated relative to the base value using the relation
10 Æ log10 (core width/5), e.g. a core width of 15 0 corre-
sponds to a value of 10 Æ log10(15 0/5 0) = 4.77 dB.
Aliasing, caused by undersampling of a resolution
stimulus, will occur if the spatial frequency of a stimulus
exceeds one-half the sampling frequency of the retinal
sampling array (the Nyquist frequency). Spatial aliasing
has not been reported with the HRP stimulus.
Fig. 1. HRP result obtained from the study eye of Case 2, showing
distribution of test locations and test results. The horizontal and
vertical meridians represent the respective meridians crossing at the
fovea. The small square on the nasal side represents the blind spot
which is located during the initial HRP test phase and used for ﬁxation
control. Thresholds are represented to scale, i.e. the higher the
threshold, the larger the ring. The left panel shows the range of
available target sizes in dB. The target core width is equivalent to a
conventional minimum angle of resolution (MAR). The dB values are
converted to MAR using the relation 5 · 10dB/10, e.g. a core width of
3 dB corresponds to a value of 5 · 100.3 = 9.97 min of arc. Inset dots
show the locations of histometric measurements for all three subjects.
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It was not possible to arrange for spatial coincidence
of resolution and histometric measurements. The latter
were restricted to a narrow strip of retina running
through the fovea, perpendicular to a line between the
optic nerve head and fovea centers. Vision in corre-
sponding locations was estimated by interpolation from
actual, nearby test locations, as follows. Using formulas
derived by Drasdo and Fowler (1974), and validated by
Frise´n and Scho¨ldstro¨m (1977), each histometric loca-
tion was projected into a visual ﬁeld position, in the con-
ventional polar equidistant projection. Each position
was then transformed into the orthogonal ﬁeld map
used by HRP, as described by Frise´n (1970, 1985),
rounded to the nearest integer degree. Next, the three
nearest test locations were identiﬁed. With visual ﬁeld
positions deﬁned in the XY plane, and observed resolu-
tion levels along the Z-axis, the three Z positions deﬁne
a plane threshold surface of triangular shape. Z height
at the XY position corresponding to the location of his-
tometric measurement represents a weighted average
and was determined by linear interpolations. The result
was expressed as a target core width in dB. The target
dB values are converted to MAR using the relation
5 · 10dB/10, e.g. a core width of 3 dB corresponds to a
value of 5 · 100.3 = 9.97 min of arc. For counting loca-
tions straddling the borders of the ﬁeld test, counts were
interpolated to estimate ganglion cell separations at the
outermost ﬁeld test locations.2.4. Histology
After surgical removal, the eyes were immediately
prepared for tissue processing. Specimens were ﬁxed in
0.5% glutaraldehyde and 2% paraformaldehyde (pH
7.4), rinsed, dehydrated in an ascending series of etha-
nol, and inﬁltrated with 100% acrylic resin (Unicryl)
overnight. The resin was then polymerized at 52 C over
a maximum period of 3 days. Linear strips of retina con-
taining the fovea were cut out on both sides of the supe-
rior and/or inferior vertical hemi-meridians; the
histometric vertical meridian passes through the foveal
center perpendicular to a line through the centers of
the fovea and optic disc. The strips were measured be-
fore and after embedding. Blocks were cut from the
strips to allow measurement at eccentricities ranging
from 2.2 to 33.7. Serial sections, 1 lm thick, were
taken from each block. The section thickness was con-
trolled by the small-fold technique (De Groot, 1988).
In order to obtain suﬃcient numbers of cells in the
periphery, counting frames were added symmetrically
on each side of the ﬁrst. Frame eﬀects of shrinkage, con-
trolled by comparing size of original tissue blocks with
size in sections, was less than 5% across eyes.
Displaced amacrine cells within the ganglion cell
layer should be excluded from the cell counts, since they
are not directly involved in the neural chain from cones
to target cells in relay stations and the visual cortex.
Gru¨nert and Wa¨ssle (1990) demonstrated that practi-
cally all displaced amacrine cells are GABA-ergic in
the macaque retina. GABA-ergic amacrine cells were
therefore stained with immunocytochemistry (Wa¨ssle,
Gru¨nert, Martin, & Boycott, 1994) and excluded from
the cell counts. Previous estimates of ganglion cell den-
sities have either not diﬀerentiated between ganglion
cells and displaced amacrine cells (Oppel, 1967; Van
Buren, 1963), or have classiﬁed neurons of the ganglion
cell layer using a combination of nuclear morphology
and relative soma size (Curcio & Allen, 1990; Curcio
et al., 1993) that may have yielded somewhat ambiguous
cell counts (see Curcio & Allen (1990) for further details).
2.5. Estimating ganglion cell densities
Amodiﬁed disector method (Sterio, 1984) was used to
count ganglion cells in predetermined locations. The
counting was made on digital images acquired at an
objective magniﬁcation of 100· (oil immersion lens)
and presented in pairs on a TV monitor. Nuclei were
counted only if they were seen in one (reference) but
not in the next (look-up) section. Nuclei touching ‘‘for-
bidden lines’’, i.e. 2 out of 4 edges of the measuring ﬁeld,
were excluded. The counting frame was 100 lmwide and
the section thickness was 1.0 lm. Thus the retinal surface
included in each disector was 100 (counting frame
width) · 1 (section thickness) lm2 (or 104 mm2). By
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of retinal surface area (N/mm2) could be estimated. Lat-
eral displacement of ganglion cells at eccentricities below
9 was taken into account (see Sjo¨strand et al. (1999) for
further details).
To calculate ganglion cell separation (S), density has
to be transformed to a linear parameter, inverted and
compensated for hexagonal packing; thus S =
p
(
p
3/
2D), where D is cell density. Densities were compensated
for the non-linear projection of the retinal image accord-
ing to Drasdo and Fowler (1974).
There was no evidence in the collected histometric
data of eﬀects on ganglion cells from the chemotherapy
and radiation therapy given before surgery. However,
histological examinations showed that the study eye of
Case 3 had slight thickening and multilayering of basal
lamina and/or hyaline appearance of the intra-retinal
blood vessels, which is an early sign of radiation vascu-
lopathy (Archer, 1993). The study eyes of Cases 2 and 3
showed no signs of radiation vasculopathy or retinal
degeneration. The study eye of Case 2 was diagnosed
as amblyopic in the pre-operative examination. How-
ever, retinal anomalies are not held to be a general pro-
perty of the amblyopic syndrome (Ciuﬀreda, Levi, &
Selenow, 1991), implying that ganglion cell counts
should not be aﬀected.
2.6. Statistical analysis
The relationships between histometric and resolution
estimates were analyzed using linear regression under
the hypothesis of a direct proportionality between gan-
glion cell separation and resolution. Linearity was tested
using analysis of variance (ANOVA). Statistical signiﬁ-
cance was deﬁned as p < 0.05.
2.7. Methodological considerations
HRP examinations were performed ﬁrst on the study
(right) eyes and then on fellow (left) eyes, due to stan-
dard clinical procedure. Drance, Douglas, Schulzer,
and Wijsman (1989) showed that HRP thresholds im-
proved from the ﬁrst to the second examination due to
learning eﬀects, with a roughly constant change at all
levels and no detectable improvements after further
examinations in most individuals. In addition, previ-
ously published data on the relationship of ganglion cell
counts from both eyes of the same subject (Curcio &
Allen, 1990) report almost identical ganglion cell num-
bers and topographic distributions. Thus, the use of
HRP thresholds from the fellow eye in our calculations
should have negligible impact on our results.
Another issue is the fact that HRP thresholds were
measured at 25% contrast. It would have been preferable
to have obtained high (100%) contrast HRP measure-
ments instead of correcting the 25% data, but since thestandard perimetric procedure at the clinic where the sub-
jects were examined prior to surgery uses an HRP perim-
eter with the 25% setting, we chose to use the collected
data and extrapolate it to high contrast (see Appendix
A for calculations).3. Results
The HRP result of the study eye of Case 2 is shown in
Fig. 1, with rings showing the distribution of test loca-
tions and test results, and inset dots indicating the loca-
tions of histometric measurements of all three subjects.
The horizontal and vertical lines represent the respective
meridians crossing at the fovea, and the small square on
the nasal side represents the blind spot. Thresholds are
represented to scale, i.e. the higher the threshold, the lar-
ger the ring. The left panel shows the range of available
target sizes.
Ganglion cell separations (S) from histometric mea-
surements in the study eyes together with MAR values
from both study and fellow eyes are presented in Table
2. The variation of ganglion cell separation and MAR
from both study and fellow eyes versus eccentricity is
shown in Fig. 2. Symbols in the upper section of the
graph represent resolution data. Symbols in the lower
section represent ganglion cell separation data, and
compare very well with previously published data (Cur-
cio & Allen, 1990; Sjo¨strand et al., 1999). Both resolu-
tion thresholds and ganglion cell separation increase
linearly with eccentricity.
A scatter plot of MAR vs. ganglion cell separation
from both study and fellow eyes is shown in Fig. 3.
MAR thresholds from study eyes lie above those from
fellow eyes, which in Cases 1 and 3 is most likely the re-
sult of learning eﬀects (c.f. Methods, Methodological
considerations). However, MAR thresholds from the
amblyopic study eye of Case 2 (open circles in Figs. 1
and 2) were markedly elevated with respect to all other
data. We therefore chose to use the HRP measurements
from the healthy fellow eyes, which should reﬂect per-
formance nearer maximum, for further comparisons
with ganglion cell separations in order to avoid possible
confounding eﬀects on perimetric thresholds among
study eyes.
A simple ANOVA linear regression model
(Y = b0 + b1X + e) was used to test for linearity (Neter,
Wasserman, & Kutner, 1989). A linear association was
found between study eye ganglion cell separation and
fellow eye MAR for Cases 1 and 2 (p = 0.013 and
p = 0.030, respectively) but not for Case 3 (p = 0.248, 4
observations). Very strong signiﬁcance was obtained
for the pooled data from all three cases (p = 0.0001).
The statistical analysis showed that none of the b0
factors in the simple ANOVA model were signiﬁcantly
diﬀerent from zero. Thus, individual linear regressions
Table 3
Regression statistics with origin constraint for fellow eye MAR as a
function of study eye ganglion cell separation (Model 1, individual
regression, MAR ¼ bðiÞ0 þ bðiÞ1 S þ e; bðiÞ0 ¼ 0; Model 2, pooled regres-
sion, MAR = b0 + b1S + e, b0 = 0)
Model 1 Model 2
Case 1 Case 2 Case 3 Pooled data
R 0.984 0.973 0.99 0.978
R2 0.968 0.947 0.98 0.956
b1 ± CI95% 4.255 ±
0.634
3.769 ±
1.244
4.951 ±
1.287
4.242 ±
0.467
SE 0.275 0.448 0.404 0.221
Sig <0.0001 0.001 0.001 <0.0001
Table 2
Ganglion cell separations (S) and MAR measurements from study eyes (MARS) and fellow eyes (MARF) of the three subjects at corresponding
eccentricities
Case 1 Case 2 Case 3
Ecc S MARS MARF Ecc S MARS MARF Ecc S MARS MARF
(deg) (min arc) (deg) (min arc) (deg) (min arc)
+18.6 3.69 15.4 16.4 +22.5 5.37 22.8 16.4 9.2 2.14 12.8 11.9
+14.8 2.70 12.4 14.8 +14.8 4.06 23.4 16.4 11.1 2.52 13.8 12.9
+8.8 2.69 10.8 11.2 +11.1 2.18 20.5 12.6 18.6 3.49 14.0 14.0
+5.8 1.71 7.3 10.2 +8.8 1.75 16.7 8.9 25.7 3.50 16.0 19.5
5.8 1.48 9.4 7.0 +5.8 1.35 12.7 7.0
8.8 2.69 11.3 8.3
11.1 2.76 12.2 9.6
18.6 3.39 15.0 12.8
26.4 3.70 16.4 15.2
The fellow eye data are used in the regression models. The + and  signs preceding the eccentricity values indicate points along the upper and lower
vertical hemi-meridians, respectively.
Fig. 2. Ganglion cell separation from study eyes and MAR from study
and fellow eyes (open and ﬁlled symbols, respectively) vs. eccentricity
for all three subjects. Note the similar slope of the ganglion cell
separation data and the HRP threshold data (with the exception of the
study eye thresholds of Case 2). ( ) Case 1, ganglion cell separation;
(h) Case 1, MAR study eye; (j) Case 1, MAR fellow eye; (+) Case 2,
ganglion cell separation; (s) Case 2, MAR study eye; ( ) Case 2,
MAR fellow eye; (	) Case 3, ganglion cell separation; () Case 3,
MAR study eye; () Case 3, MAR fellow eye.
Fig. 3. Plot of MAR from study eyes (open symbols) and fellow eyes
(ﬁlled symbols) vs. ganglion cell separation from study eyes for all
three subjects. Regression lines through the origin (Model 1) are
plotted for the fellow eye of each case, as well as a regression line
through the origin (Model 2) based on the pooled data from fellow
eyes (heavier dash-dotted line). The regression lines for the pooled data
and Case 2 (solid line) lie almost on top of each other.
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as the independent variable and fellow eye MAR as the
dependent variable, were ﬁtted using a linear model con-
strained to pass through the origin (Model 1:
MAR ¼ bðiÞ0 þ bðiÞ1 S þ e; bðiÞ0 ¼ 0; i indicates individual
case values) to test for a direct proportionality between
ganglion cell separation and resolution. High correla-
tion coeﬃcients (R1 = 0.98, R2 = 0.97, and R3 = 0.99)
were obtained for the regressions and strong statisti-
cal signiﬁcance (60.001) was established for the
slope (bðiÞ1  CI95%: 4.26 ± 0.63, 3.78 ± 1.24, and 4.95 ±
1.29) of all three cases. Since no signiﬁcant diﬀerence
among the slopes was found in the individual analysis
2336 Z. Popovic, J. Sjo¨strand / Vision Research 45 (2005) 2331–2338we ﬁtted a second linear model through the origin to the
pooled data of all three cases (Model 2: MAR = b0 +
b1S + e, b0 = 0), obtaining a slope of 4.24 ± 0.47
(p < 0.0001). The regression results are summarized in
Table 3 and regression lines for both the individual and
pooled data are plotted in Fig. 3.4. Discussion
4.1. Inter-individual vs. intra-individual methodology
Our unique opportunity to study the intra-individual
relation between ganglion cell separation and resolution
illustrates the variability of both morphological counts
(cf. Curcio & Allen, 1990) and psychophysical perfor-
mance (review: Murray, 1991) among individuals. Indi-
vidual regressions, both with and without a constraint of
direct proportionality between ganglion cell separation
and resolution, signiﬁcantly substantiate a linear rela-
tion between these quantities with one exception (Case
3 without a constraint of direct proportionality). There
was no signiﬁcant diﬀerence between individual regres-
sions, which might be attributed to the small number
of observations for each subject. Combining data across
subjects conﬁrmed the results of previous studies based
on inter-individual data (Anderson et al., 2002; Ennis
& Johnson, 2002; Frise´n & Frise´n, 1976; Frise´n, 1995;
Popovic & Sjo¨strand, 2001; Sjo¨strand et al., 1999; Thi-
bos et al., 1987) and signiﬁcantly supported a linear rela-
tion between ganglion cell separation and resolution,
both with and without a constraint of direct proportion-
ality between ganglion cell separation and resolution.
Our ﬁnding that there is little diﬀerence between inter-
individual and intra-individual comparisons of ganglion
cell separation and resolution is encouraging inasmuch
that only inter-individual relations are useful for practi-
cal clinical purposes. This report is the ﬁrst validation of
this methodology.
4.2. Role of ganglion cells
The human visual system is held to be closely similar
to that of the macaque (Merigan & Katz, 1990; Wa¨ssle
& Boycott, 1991). Perry and Cowey (1984) reported con-
stant ganglion cell proportions of 80% midget, 10% par-
asol, and 10% other ganglion cell types at various
eccentricities in the macaque retina. Dacey (1993) re-
ported on varying midget ganglion cell proportions
across the human retina. This averages to approximately
80% over the eccentricity range used in this study. Our
regression coeﬃcients, assuming a constant ganglion cell
proportion of 80%, should be corrected by a factor of
sqrt(0.8) = 0.89 for a uniﬁed ON/OFF midget popula-
tion, or consequently by a factor of sqrt(0.4) = 0.63 for
a dichotomous ON/OFF midget population. This is nec-essary since our ganglion cell density estimates are based
on the entire ganglion cell population (and hexagonal
packing) and not just the entire midget population or
any of its sub-populations.
The coeﬃcient for the pooled regression (our Model
2), based on our clinical HRP examinations performed
at 25% contrast, equals 4.21. We therefore calculated a
conversion factor of 0.250.4498 = 0.536 from the data
of Frise´n (1995), based on proportionality factors ob-
tained at 10%, 25%, 50%, and 90% contrast, and extrap-
olated our measurements to 100% contrast (see
Appendix A for calculations). This resulted in a high
contrast regression coeﬃcient of 2.37. Assuming that a
uniﬁed midget ganglion cell population subserves reso-
lution, the adjusted regression coeﬃcient would decrease
to 2.37 Æ sqrt(0.8) = 2.02. A dichotomous midget gan-
glion cell population would on the other hand reduce
the regression coeﬃcient to 2.37 Æ sqrt(0.4) = 1.43. This
ﬁgure is much closer to unity than that of a uniﬁed mid-
get ganglion cell population. Moreover, there is no over-
lap between the conﬁdence intervals of on the one hand
the regression coeﬃcients corrected for contrast and a
uniﬁed midget population and on the other hand the
regression coeﬃcients corrected for contrast and a
dichotomous midget population in any of the regres-
sions. These results are consistent with previous reports
that indicate the dichotomous ON/OFF midget ganglion
cell population as an adequate substrate to uphold reso-
lution (Merigan & Katz, 1990; Wa¨ssle et al., 1990).
Part of the divergence of the regression coeﬃcient
from unity can be attributed to our extrapolated 100%
contrast thresholds. The relation between proportional-
ity factors and contrast used to calculate the 100% con-
version factor yielded a proportionality factor of 1.09
instead of unity, resulting in an overestimate of our
extrapolated high contrast thresholds.Acknowledgements
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Frise´n (1995) presented data on proportionality fac-
tors at 10%, 25%, 50%, and 90% contrast. The best ﬁt
to a plot of proportionality factors (k) vs. contrast (C)
is obtained by a power relationship such that
Z. Popovic, J. Sjo¨strand / Vision Research 45 (2005) 2331–2338 2337k ¼ a 
 Cb
where a and b are constants given by the ﬁtting proce-
dure. Assuming a linearity through the origin between
resolution thresholds (MAR) and ganglion cell separa-
tions (S)
MAR ¼ k 
 S
yields a relation of
MAR ¼ a 
 S 
 Cb
between resolution thresholds and contrast. We consider
the ganglion cell separation to be invariant in this con-
text, i.e. a change in contrast only aﬀects the threshold
level at a particular eccentricity, it does not aﬀect the
ganlion cell substrate from which we obtained our sepa-
ration values. This means that
MAR ¼ const 
 Cb
and gives us the possibility to calculate resolution
thresholds at 100% contrast by the relation
MAR100% ¼MAR25% 
 1b=0:25b:
A new linear ﬁt with origin constraint based on calcu-
lated 100% resolution thresholds vs. Ganglion cell sepa-
ration yields the new proportionality factor at 100%
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